In the present study, protoporphyrin IX (PPIX) and squarine (SQ2) have been used in a co-sensitized dye-sensitized solar cell (DSSC) to apply their high absorption coefficients in the visible and NIR region of the solar spectrum and to probe the possibility of Förster resonance energy transfer (FRET) between the two dyes. FRET from the donor PPIX to acceptor SQ2 was observed from detailed investigation of the excited-state photophysics of the dye mixture, using time-resolved fluorescence decay measurements. The electron transfer time scales from the dyes to TiO 2 have also been characterized for each dye. The current-voltage (I-V) characteristics and the wavelength-dependent photocurrent measurements of the co-sensitized DSSCs reveal that FRET between the two dyes increase the photocurrent as well as the efficiency of the device. From the absorption spectra of the co-sensitized photoanodes, PPIX was observed to be efficiently acting as a co-adsorbent and to reduce the dye aggregation problem of SQ2. It has further been proven by a comparison of the device performance with a chenodeoxycholic acid (CDCA) added to a SQ2-sensitized DSSC. Apart from increasing the absorption window, the FRET-induced enhanced photocurrent and the anti-aggregating behavior of PPIX towards SQ2 are crucial points that improve the performance of the co-sensitized DSSC.
Introduction
The increasing demand for fossil-fuel energy sources and the intensifying environmental pollution have promoted an extensive research for the development of efficient conversion technologies of clean and renewable energy sources. Solar energy has been considered to be the most promising sustainable and renewable energy source because of its quasi-unlimited supply.
In the last decade, dye-sensitized solar cells (DSSCs) have drawn significant attention as an alternative conversion technology for solar energy, besides conventional Si-based solar cells, because of its simple and less expensive processing and a wide range of potential applications [1] [2] [3] . Since the first invention of DSSCs by O'Regan and Grätzel in 1991 [4] , a plethora of designing strategies has been developed and reported in the literature in order to optimize the device performance and to minimize the effective costs [5] [6] [7] [8] [9] [10] .
A good spectral match between the absorption spectra of the sensitizer and the incident solar radiation is an essential requirement for efficient conversion of solar energy [11] . So far, the most widely used photosensitizers are ruthenium (Ru)-based dyes (e.g., N719, N3, Black dye) because of their good stability and efficient performance. However, the scarcity of the raw material, the enormous purification cost, the low molar extinction coefficient (ε) of the metal-to-ligand charge transfer (MLCT) band, a poor absorption in the near-infrared (NIR) range of the solar light and the toxicity are well-documented limitations of these Ru photosensitizers [12] . As an alternative to Ru dyes, less toxic and less expensive organic dyes are being used to sensitize the photoanodes [13] . Organic dyes are attractive as a photosensitizer because of their high molar extinction coefficient, tunable absorption wavelength, and easy design and synthesis strategies. Still, the efficiency of organic dye-sensitized solar cells is not comparable to that of the metallo-organic dyes because of their narrow absorption spectra, shorter excited-state lifetimes and the problem of self-aggregation on the semiconductor surface [14] . For efficient organic dye-sensitized solar cells, appreciated techniques to achieve a broad absorption window are either using a sensitizer solution cocktail mixing one dye absorbing in the visible region with another dye absorbing in the NIR region or incorporating Förster resonance energy transfer (FRET) between two co-sensitizers [9, [15] [16] [17] [18] [19] . However, co-sensitization brings some additional complexity to the effective performance of the device [20, 21] . The control of the uptake of different dyes, the prevention of unwanted reactions and unfavorable electron-hole recombination [22] affect the device performance. FRET has been proposed to be a more useful tool to achieve strong light harvesting over a broad wavelength range without affecting the key parameters such as open circuit voltage (V oc ) or fill factor (FF) of the DSSCs [23] . An enhancement in photocurrent due to efficient energy transfer from a quantum dot to the sensitizing dye has been reported earlier for quantum dot co-sensitized DSSCs [24, 25] . But the study of energy transfer between two dyes in co-sensitized DSSCs is sparsely reported in the literature. Aggregation-induced self-quenching of excited-state electrons of NIRabsorbing dyes is another limitation widely reported in co-sensitized DSSCs [26, 27] . The required use of high concentrations of co-adsorbent is an unavoidable constraint on the co-sensitization of organic dyes [18, [28] [29] [30] . In order to avoid the co-adsorbent, one of the co-sensitizers can be used to counteract the aggregation of the other. Spectroscopic studies and excited-state dynamics of the two dyes can be helpful to optimize the co-sensitization procedure and to understand the complicated set of electron and energy transfer processes occurring in co-sensitized DSSCs.
We have chosen squarine (SQ2) and protoporphyrin IX (PPIX) to fabricate a co-sensitized DSSC and detailed photo-physical studies have been carried out to explore the dynamical processes occurring between these two dyes after the attachment to the TiO 2 surface. PPIX is an environmentally friendly organic sensitizer that has a strong absorption in the visible region of the solar spectrum. Application of PPIX as a sensitizer in DSSCs has been reported in our earlier publications [31] . SQ2 is a commercially available NIR-absorbing dye that has been receiving growing attention in the field of DSSCs due to its light-harvesting ability in the NIR region [32, 33] . From the spectral overlap between the absorption of SQ2 and emission of PPIX and from the time-resolved fluorescence decay of the mixture of SQ2 and PPIX, FRET from PPIX to SQ2 has been confirmed. The DSSCs were co-sensitized with different molar ratios of the two dyes. The FRET-enhanced photocurrent and the anti-aggregating properties of PPIX have been experimentally proven to be the major reasons for the enhanced lightharvesting over the entire solar spectrum. PPIX-SQ2 co-sensitized DSSCs were found to be more efficient compared to SQ2-sensitized DSSCs prepared using the optimum concentration of the well-known co-adsorbent chenodeoxycholic acid (CDCA). The wavelength-dependent photocurrent measurements reveal that a small amount of PPIX can efficiently act as a co-adsorbent instead of CDCA. CDCA is more costly than PPIX, and the required amount of CDCA to suppress aggregation is also much higher than PPIX. Thus, addition of PPIX as a co-sensitizer to SQ2-sensitized DSSC provides an increased absorption window, FRET-enhanced photocurrent and the prevention of SQ2 aggregation.
Experimental Reagents
TiO 2 nanoparticles (21 nm), protoporphyrin IX (PPIX), platinum chloride (H 2 PtCl 6 ), lithium iodide (LiI), 4-tert-butylpyridine (TBP) and iodine (I 2 ) were purchased from Sigma-Aldrich. Squarine (SQ2) and 60 μm thick Surlyn were bought from Solaronix. Dimethyl sulfoxide (DMSO), acetonitrile and ethanol (≥99%) were purchased from Merck, and Ultrapure water was obtained from Millipore System, (18.2 MΩ·cm). The conducting glass substrate with fluorine-doped tin oxide (FTO) was purchased from Sigma-Aldrich. FTOs were cleaned by succes-sive sonication with soap water, acetone, ethanol and deionized (DI) water for 10 min each and were then dried prior to their usage.
Optical characterization
A Shimadzu UV-2600 spectrophotometer and a Jobin Yvon Fluoromax-3 fluorimeter have been used for the collection of the steady-state absorption spectra and the emission spectra, respectively. The solid-state absorption spectra were recorded in reflecting mode using a STS-VIS-L10-400-SMA spectrograph with wavelength resolution of 0.47 nm. For the transmission and collection of light, a lab-grade optical fiber probe from Ocean Optics was used in this setup. The picosecond timeresolved spectroscopic studies have been carried out using a commercial time-correlated single-photon counting (TCSPC) setup from Edinburgh Instruments. Picosecond pulsed lasers of 633 nm and 409 nm wavelengths have been used as excitation sources in this study. The instrument response function was 80 ps. The experimental setup and methodology were discussed in detail in our earlier publications [34, 35] . FRET between the donor (PPIX) and the acceptor (SQ2) was studied using traditional methodology [36] by calculating the Förster distance (R 0 in Å). The details of the calculation procedure are mentioned in the earlier publications of our group [37, 38] .
Assembly of DSSCs
TiO 2 -coated FTO glass substrates were annealed at 450 °C for 1 h, followed by a cooling to 80 °C and immersing into the dye solution for 24 h. We used six different dye cocktails as sensitizers in this study, prepared by mixing different molar ratios of the two dyes, SQ2 and PPIX. Initially a 0.3 mM solution of SQ2 was prepared in ethanol and a PPIX solution of the same concentration was prepared using DMSO as a solvent. These two solutions were mixed in different ratios maintaining a total volume of 10 mL. The ratios of SQ2/PPIX used are 10:0, 8:2, 6:4, 4:6, 2:8 and 0:10. For the one-by-one sensitization technique, the photoanodes were immersed in a single-dye solution for 12 h, followed by 12 h immersion in the solution of the other dye. The one-by-one sensitized DSSCs are named SQ2_PPIX and PPIX_SQ2 according to the sequence of dye used for sensitization. To ease the comparison, the total immersion time was 24 h during both mixed-dye sensitization and sequential sensitization. The counter electrodes were prepared by depositing platinum on the FTO substrates via thermal decomposition of 5 mM platinum chloride (in isopropanol) at 385 °C for 30 min. 60 μm thick Surlyn was used as a spacer between the active and counter electrodes. The I − /I 3 − redox couple, which was prepared by mixing iodine crystal (I 2 ), lithium iodide (LiI), and 4-tert-butylpyridine (TBP) using acetonitrile as a solvent, was used as electrolyte. The active area of all the devices were 0.64 cm 2 .
Device characterization
A Keithley multimeter was used to record the photocurrent-voltage (I-V) characteristics of the DSSCs, under 1 sun (100 mW cm −2 ) irradiance (AM 1.5 simulated illuminations, Photo Emission Tech). The equations used to calculate the fill factor (FF) and power conversion efficiency (η) of the solar cells are
where V m and J m are the voltage and current density at the maximum power output, respectively, J sc is the short-circuit photocurrent density and V oc is the open-circuit photovoltage of the solar cell. The intensity of the incident light (P in ) is 100 mW·cm −2 . The wavelength-dependent photocurrent was measured using a custom-made setup, which consists of a Bentham monochromator and two light sources (tungsten and xenon).
Results and Discussion
In the present study, the two organic dyes chosen for co-sensitization are protoporphyrin IX (PPIX) and squarine (SQ2) because of their complementary absorption spectra. From the structure of PPIX (Figure 1a) , it is evident that this sensitizer is a derivative of porphyrin, which is an integral part of many naturally occurring and biologically active macrocyclic compounds, e.g. hemoglobin and chlorophyll. The absorption of PPIX in DMSO is shown in Figure 1c , where the highest intensity peak appearing at 407 nm is due to the Soret band and the other four lower intensity peaks at 509, 542, 578 and 630 nm are the Q-bands. The use of PPIX as a green alternative of the conventional toxic and expensive sensitizers has been reported earlier [31] , but the so far reported efficiencies of PPIX-sensitized DSSCs are poor from a commercialization point of view.
In spite of having a high molar extinction coefficient in the visible region, PPIX shows a very low efficiency probably because of the inadequate absorbance in the NIR region. Squarines are widely known red/NIR-absorbing organic dyes that can be used as a co-sensitizer with a visible absorbing dye to get a wide panchromatic absorption. From the structure of SQ2 (Figure 1b ) and the absorption spectra of SQ2 in ethanol (Figure 1c) , it can be correlated that the highest intensity peak appearing at 651 nm corresponds to π-π* charge-transfer (CT) transitions. A lower intensity peak at the blue end (604 nm) of the spectra is a notable signature of dye aggregation [27] . It is evident from the combined absorption spectra shown in Figure 1c that by using PPIX and SQ2 as co-sensitizers a wide range of the solar spectrum, from 360 nm to 680 nm, can be harvested. Before going into the details of the co-sensitized DSSCs using PPIX and SQ2, the probable complexities and advantages of these dye mixtures were studied using ultrafast spectroscopic studies. A significant overlap between the absorption of SQ2 and the emission of PPIX was observed (Figure 2a) . So, there is a possibility of energy transfer from the excited state of PPIX to SQ2 when the two dyes come to close proximity. To create this proximity between these two dyes Al 2 O 3 has been used. The excited-state lifetime of PPIX (attached to Al 2 O 3 ) was measured in presence and absence of SQ2 by fitting the timeresolved fluorescence decays (Figure 2b ). It can be noted from the lifetime components summarized in Table 1 that the average lifetime of the PPIX excited state (attached to Al 2 O 3 ) is shortened from 13.20 to 5.47 ns when SQ2 is added to the solution. We propose FRET between the donor (PPIX) and the acceptor (SQ2) as the mechanistic explanation of the shortened lifetime of the excited donor state. The calculated distance between the donor and acceptor was found to be 4.9 nm with a 58% energy transfer efficiency. The confirmation of FRET from PPIX to SQ2 increases the possibility of getting enhanced photon-to-current conversion in the visible region. Again because of the long lifetime of the excited state of PPIX, both electron transfer to TiO 2 and energy transfer to SQ2 become feasible. Although these two processes will be competing with each other, the FRET from PPIX to SQ2 was observed to be efficient in terms of device performance and cost effectiveness, as discussed in the explanation of the device characteristics.
The molar ratios of the two dyes SQ2/PPIX in the six cocktail mixtures used in this study were 10:0, 8:2, 6:4, 4:6, 2:8 and 0:10 and the sensitized DSSCs are named as S10P0, S8P2, S6P4, S4P6, S2P8 and S0P10, respectively. The different colors of the dye cocktails and the sensitized photoanodes are shown in Figure 3a . The solid-state absorption spectra of the selective photoanodes are shown in Figure 3b as a function of the dye loading. The scattering correction in the solid-state absorption spectra was done as reported in [39, 40] . It is evident from the absorption spectra of the S10P0-sensitized photoanode that the absorption of SQ2 has broadened after attaching to a TiO 2 surface compared to the liquid-phase absorption spectrum of SQ2 ( Figure 1c ). The broadening of the overall spectrum and increase in peak-intensity at lower wavelengths signify the increased aggregation after adsorption on a solid surface. The self-aggregation of squarine-based sensitizers is a familiar issue that decreases the efficiency of the device. In order to reduce the aggregation problem, the use of a co-adsorbent is a common approach described in literature. From the absorption spectra of the photoanodes S8P2 and S6P4, it can be observed that the simultaneous attachment of PPIX and SQ2 on the TiO 2 surface can significantly reduce the aggregation of the SQ2 dye. It can be noted that after the addition of PPIX, the absorption region of SQ2 becomes narrower and the prominent peak around 600 nm, due the dimerization of SQ2, is almost absent in the photoanodes sensitized with the 8:2 and 6:4 dye mixtures. With the decreasing molar ratio of SQ2 in the mixture of the dyes, the peak intensity also reduces around the red/NIR region. On the contrary, the peak intensity around 400 nm is not differing much with the varying molar ratios of the two dyes. The relative ratio of the dye loading is not exactly proportional to the ratio of the liquid cocktail in which the photoanodes were immersed. The most fascinating feature of this two particular dyes is that PPIX is serving the purpose of a co-adsorbent and efficiently preventing the aggregation of SQ2, which has been proven further by measuring the device performances.
The electron injection efficiency from the dye to the semiconductor is one of the key factors that affect the efficiency of DSSCs. As shown in Figure 4a , time-resolved fluorescence transients were measured for a PPIX solution and a PPIX-TiO 2 solution using DMSO as a solvent. A 409 nm laser was used as an excitation source and the emission decay was recorded at 633 nm. The decay of PPIX was single-exponential with a time scale of 14 ns. For PPIX-TiO 2 , a faster component of 130 ps (63%) was obtained, which is ascribed to be the electron transfer time scale from the excited state of PPIX to the conduction band of TiO 2 . Figure 4b shows that the decay of the excited state of SQ2 in ethanol was also single-exponential (500 ps) and a very fast electron transfer timescale of 60 ps (64%) was obtained after attachment of SQ2 on the TiO 2 surface. All the lifetime components and their relative percentages are summarized in Table 2 .
Figure 5a presents the current density (J) vs voltage (V) characteristics of the co-sensitized DSSCs. Sample S8P2 shows the highest efficiency (2.4%) with a much higher photo-current than the cells sensitized by only one of the dyes. From Table 3 , it can be noticed that we could reach an open-circuit voltage (V oc ) of 0.58 V and an efficiency of 1.62% for the DSSC sensitized with only SQ2 (S10P0). For the DSSC sensitized with only PPIX (S0P10) the efficiency was 0.73% and V oc was 0.55V. The V oc values of the co-sensitized DSSCs were increasing from 0.55 to 0.58 V with increasing molar ratio of SQ2 as both dyes contribute to the Fermi level of the photoanode. The current density was observed to increase with increasing relative concentration of SQ2. For molar ratio of SQ2/PPIX of 6:4 and 8:2, the DSSCs exhibit higher photo currents and higher efficiencies than the one sensitized with only SQ2. The highest efficiency (2.4%) was observed for S8P2 with a current density of 7.4 mA/cm 2 . Besides the increase in absorption window, the FRET from PPIX to SQ2 is responsible for the significant increase in photocurrent at that particular ratio of the two dyes. This is evident from the photocurrent-vs-wavelength data of the DSSCs shown in Figure 5b . Even though the dye absorption in the visible region was shown to be almost the same for S8P2, S6P4 and S0P10 (Figure 3b ), the measured photocurrent was prominently higher in the visible range for S8P2. It can be concluded that the optimum acceptor-to-donor ratio is 8:2 (SQ2/PPIX) and the excited-state energy of PPIX is transferred to SQ2 followed by the injection from the excited state of SQ2 to the conduction band of TiO 2 . Thus, FRET causes increased light harvesting in the visible region. Another notable feature in Figure 5b is the better harvesting in the NIR/red region of S8P2 although there is a lower concentration of SQ2 in S8P2 than in S10P0 (Figure 3b ). The reason behind this anomaly is the much better light harvesting ability of the monomer of SQ2 compared to the aggregated dye. The photocurrent around 600 nm is harvested mainly by SQ2 dimers, but the aggregation promotes a lack of directionality of excited-state electrons of the dye. As a consequence the harvesting ability of the monomer around 650 nm reduces significantly. This fact is clearly manifested in the wavelength-dependent photocurrent measurement of S10P0 where a relatively higher photocurrent was observed at the absorption peak wavelength of the dimer of SQ2 than at that of the monomer. A noteworthy higher photon-to-current conversion in the absorption region of SQ2 was observed for S8P2 as PPIX reduces the aggregation of SQ2. The harvesting in the absorption region of the SQ2 monomer is observed to be remarkably higher than that in the dimer absorption region in the S8P2-sensitized DSSC, which reduces the possibility of self-quenching and consequently increases the overall photocurrent output. In earlier reports about SQ2-co-sensitized DSSCs chenodeoxycholic acid (CDCA) was proposed as a co-adsorbent to diminish SQ2 aggregation [32, 33, 41] . A detailed characterization of a SQ2-CDCA-sensitized DSSC was also carried out and the results are shown in Figure 5c ,d. From the I-V values of the SQ2-CDCA-sensitized DSSC in Table 4 , it can be noted that the efficiency was much lower than that of the S8P2-sensitized DSSC. Comparing the ratio of the photocurrent at the dimer and monomer absorption region of SQ2 in Figure 5b ,d it can be concluded that S8P2 is the optimal composition. The value of V oc of the CDCA-SQ2-sensitized DSSC was higher than that of S8P2, because CDCA does not contribute to the Fermi level unlike PPIX. The value of J sc was strikingly higher in S8P2 than in the CDCA-SQ2-sensitized DSSC because of FRET from PPIX to SQ2. Thus, apart from getting a FRET-induced higher photocurrent, the idea of using one of the co-sensitizers as a co-adsorbent of the other is interesting as it is reducing the effective cost of the device.
The enhancement in photocurrent due to dipole-dipole coupling is further verified by the sequential one-by-one sensitization of the two dyes where the first layer of the dye is supposed to be acting as the main electron-injecting sensitizer and the second dye layer will prefer to form some π-stacking attachment with the first dye layer as it would not get much vacancy on the TiO 2 surface to be attached with directly. As shown in Figure 6a , SQ2_PPIX is showing higher efficiency and higher photocurrent than PPIX_SQ2. The efficiency and other solar cell parameters are summarized in Table 5 . In SQ2_PPIX the first active layer of sensitizer is SQ2. So, PPIX can absorb the visible light and transfer the energy to SQ2, followed by electron injection from SQ2 to TiO 2 in SQ2_PPIX which lead us to get a increased photocurrent. The process of FRET is not much facile in PPIX_SQ2 as the first active layer of sensitizer is the donor itself, in that case. It can also be demonstrated from the wavelength dependent photocurrent measurement of SQ2_PPIX and PPIX_SQ2 that the ratio of photocurrent in the absorption regions of the monomer and dimer of SQ2 is not comparable to that of S8P2. PPIX can efficiently perform as a co-adsorbent when it is in the cocktail mixture with the SQ2 unlike the one by one sensitization, as it could prevent the aggregation during the attachment of the sensitizers with TiO 2 .
Conclusion
Detailed studies of the dynamics between the organic dyes PPIX and SQ2 have been performed using ultrafast spectroscopy, and FRET was observed from the donor PPIX to the acceptor SQ2. DSSCs have been fabricated by co-sensitizing the photoanodes with mixtures of the two dyes to achieve a reasonably good combined absorption solar light by these two dyes. The I-V measurement data exhibit a higher efficiency for the co-sensitized DSSCs than for the single-dye-sensitized DSSCs. A significantly enhanced photocurrent was obtained from the co-sensitized DSSCs at a particular ratio of the two sensitizers due to efficient dipole-dipole coupling. From the wavelength-dependent photocurrent measurements it has been observed that PPIX is successfully playing the role of an antiaggregating agent of SQ2. It, consequently, increasing the light harvesting in the red/NIR region compared to the DSSC sensitized with only SQ2. The use of any additional co-adsorbent is not needed in the proposed co-sensitization, because PPIX is behaving simultaneously as a co-sensitizer and co-adsorbent. Thus, it can be asserted that PPIX has an impressive potential to increase the efficiency of DDSCs being a co-sensitizer with the NIR-absorbing SQ2 dye. Because the three essential requirements of efficient light harvesting, i.e., FRET, increased absorption window and suppression of aggregation, are concurrently fulfilled by PPIX.
